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Abstract 

The  lithium  metal  anode  for  secondary  lithium  batteries  was  studied  using  the  electrochemical  and  the  quartz  crystal  microbalance  (QCM ) 
techniques.  The  solutions  studied  were:  (  i  )  propylene  carbonate  ( PC )  containing  LiC104,  and  ( ii )  y-butyrolactone  (  y-BL )  containing  LiPF6. 
Surface  film  formation  on  the  electrodes  in  these  solutions  was  investigated  during  galvanostatic  electrodeposition  of  lithium.  Moreover,  the 
influence  of  the  surface  films  upon  the  electrodeposition  of  lithium  and  the  electrodeposited  lithium  through  surface  films  were  investigated 
in  these  solutions.  The  molecular  weights  of  the  species  precipitated  on  the  electrode  surface  were  estimated  from  the  QCM  data.  The  deposited 
lithium  on  the  electrodes  made  surface  films  instantaneously  in  both  solutions.  The  surface  films  grew  continuously  in  LiC104/PC  even  after 
the  electrodeposition  of  lithium  stopped.  By  contrast,  the  surface  film  made  in  LiPF6/  y-BL  was  thin  and  close,  and  prevented  the  decomposition 
of  electrolyte  and  consumption  of  deposited  lithium.  ©  1997  Elsevier  Science  S.A. 
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1.  Introduction 

It  is  well  known  that  there  is  considerable  difficulty  in 
obtaining  high  cycling  efficiencies  for  lithium  anodes  in  sec¬ 
ondary  lithium  batteries.  This  lack  of  cycleability  is  related 
to  passivating  films  at  the  electrode /electrolytic  solution 
interface  [  1  ] .  A  consequence  of  the  presence  of  the  thick 
surface  film  is  an  increased  tendency  for  growth  of  dendrites 
during  lithium  deposition,  which  is  related  to  the  nonuniform 
current  density  distribution  at  the  electrode /electrolytic 
solution  interface  [2]. 

Recently,  the  application  of  the  electrode  mass  monitoring 
change  during  electrochemical  measurements  by  quartz 
microbalance  techniques  ( QCM )  has  been  reported.  QCM  is 
an  extremely  sensitive  technique  for  mass  measurements  on 
metal  electrodes  [3,4].  In  this  method,  mass  is  monitored 
simultaneously  with  electrochemical  measurements  and  it 
provides  a  large  amount  of  information  about  electrochemical 
and  surface  processes.  Indeed,  there  are  recent  reports  on  the 
study  of  underpotential  deposition  (UPD)  of  lithium  on 
noble  metal  electrodes  using  this  technique  [5,6] . 
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In  the  studies  described  herein,  QCM  was  employed  for 
monitoring  the  mass  change  of  the  surface  films  on  electro- 
deposited  lithium.  We  will  discuss  the  effect  of  electrolytes 
in  forming  the  passivating  layer. 

2.  Experimental 

All  experimental  work  was  carried  out  in  a  glove  box  under 
a  high-purity  argon  atmosphere.  The  electrochemical  and  the 
QCM  experiments  were  carried  out  in  three-electrode  cells 
using  a  Hokuto  Denko  Model  HA-50 1G  potentiostat/galva- 
nostat  and  a  Model  HQ- 1 0 1 B  QCM  control  unit  with  a  Model 
HQ-201  QCM  oscillator  unit  interfaced  to  a  NEC  PC9801 
personal  computer.  Six  MHz  AT-cut  quartz  crystal  with  1.5 
cm2  active  area  of  nickel  was  employed  for  electrochemical 
and  QCM  measurements.  Lithium  metal  was  used  as  the 
counter  and  the  reference  electrodes.  The  galvanostatic  elec¬ 
trodeposition  of  lithium  was  performed  in  PC  containing  a 
1.0  M  LiC104  solution  (Mitsubishi  Chemical)  and  y-BL 
containing  a  1.0  M  LiPF6  solution  (Mitsubishi  Chemical). 
The  galvanostatic  electrodeposition  current  was  0.5  mA/cm2. 
All  solutions  initially  contained  less  than  20  ppm  of  H20 
measured  by  the  Karl-Fischer  method. 
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3.  Results  and  discussion 

3.  /.  Lithium  deposition  on  nickel 

Fig.  1  shows  typical  results  of  the  potential  ( E )  and  the 
change  in  the  quartz  resonance  frequency  (A f)  responses 
during  the  constant  current  measurements  of  nickel  electrodes 
coated  on  quartz.  The  A/ was  continuously  decreased  during 
electrolysis;  this  signifies  an  increase  in  the  electrode  mass. 
At  a  potential  from  open-circut  voltage  ( OCV )  to  0  V  versus 
Li/Li +  (first  process),  the  A/ was  much  smaller  than  at 
below  0  V  (second  process).  During  the  first  process,  bulk 
deposition  of  lithium  did  not  occur.  The  reactants  were  elec¬ 
trolytes,  residual  oxygen,  residual  water  and/or  lithium  (due 
to  UPD ) .  During  the  second  process,  first,  A / was  very  large 
but  it  decayed  with  elapse  of  electrodeposition.  During  the 
first  large  A /  decrease,  the  decomposition  of  electrolytes 
occurred  on  the  surface  of  deposited  lithium,  leading  to  the 
formation  of  a  passivating  layer  that  reduced  another  forma¬ 
tion  of  surface  films.  In  comparing  these  two  electrolytes, 
LiC104/PC  and  LiPF6/ y-BL,  both  E  and  A/ were  almost  the 
same  profiles  excepted  for  the  volume  of  A/during  the  second 
process. 

Fig.  2  presents  the  mass  accumulated  per  mole  of  electrons 
transferred  {mpe)  [6]  versus  the  charge  per  unit  area  ( Q). 
The  mpe  is 

mpe  =  (d\m/dQ)F(  d&f/dQ)  ( F/Ct )  ( 1 ) 


Fig.  1.  ( - )  E  and  (  •  )  \j  vs.  Q  during  the  constant  current  meas¬ 

urements  on  nickel  electrode  in  (  a)  L1CIO4/PC  and  { b)  LiPF6/y-BL. 


where  A m  is  the  mass  accumulation  per  unit  area,  F  is  the 
Faraday  number  and  Cf  is  the  correlation  coefficient  between 
A/ and  Am.  It  is  difficult  to  evaluate  the  real  mass  change  of 
the  electrodes  from  A/,  since  the  resonance  frequency  is 
changed  by  many  factors.  But  it  is  possible  to  roughly  esti¬ 
mate  Mw/n  (the  average  molecular  weight  of  the  forming 
surface  species  divided  by  the  number  of  electrons  trans¬ 
ferred  )  from  mpe.  Table  1  shows  the  theoretical  Mw/ n  values 
for  several  considering  surface  species. 

Comparing  Fig.  2andTable  1 ,  the  additional  product  ( mpe 
is  about  8)  during  the  first  process  is  lithium  in  both  electro¬ 
lytes.  A  recent  paper  [  7  ]  reported  the  UPD  of  lithium  begins 
about  0.4  V  and  the  oxygen  reduction  occurs  at  1 .58  and  1 .76 
V  in  the  absence  and  presence  of  lithium  salt,  respectively. 
Therefore,  the  surface  product  before  0.4  V  is  assumed  to  be 
either  Li02  or  Li202.  The  lithium  salt  is  presumably  formed 
by  an  EC  or  an  ECE  mechanism  (E  and  C  represent  ‘electro¬ 
chemical’  and  ‘chemical’  reaction)  where  the  lithium  ion 
interacts  with  the  electrochemical  reduction  product  of  the 
initially  absorbed  oxygen  and/or  the  oxide  film  on  the  nickel 
electrode  since  the  mpe  value  indicates  only  the  lithium  value. 

During  the  second  process,  the  bulk  deposition  of  lithium, 
the  mpe  value  differs  with  the  electrolytes.  Many  researchers 
have  studied  the  surface  films  formed  on  lithium  and  suggest 
organic  lithium  compounds  such  as  RC02Li  and  inorganic 
lithium  compounds  by  Fourier- transform  infrared  |  8] ,  X-ray 
photoelectron  spectroscopy  [2,9],  etc.  In  the  case  of  the 
LiC104/PC  solution,  most  of  the  deposited  lithium  reacts 
with  the  electrolyte  to  make  up  surface  films  of  RC02Li  since 
its  mpe  value  is  very  large.  On  the  other  hand,  the  surface 
films  made  in  the  LiPF6/ y-BL  solution  consist  of  small 


Fig.  2.  Mpe  evaluated  from  Fig.  1  vs.  Qm  { - )  LiC104/PC  and  (  •  •) 

LiPF6/ y-BL 


Table  1 

Mw/n  values  of  possible  compounds  formed  on  lithium  surface 


Compound 

Mw/n 

Compound 

Mwl  n 

Li 

1 

Li2CO, 

37 

Li,0 

15 

LiOH  FLO 

42 

Li202 

23 

LiFFLO 

44 

LiOH 

24 

LiOH  2H20 

60 

LiF 

26 

RCO.Li 

83 

482 
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Fig  3.  E  and  A/ vs.  Q  during  the  constant  current  measurements  on  lithium 
electrode  in  { - )  LiC104/PC  and  (  •  •  •  )  LiPF6/y-BL. 

amounts  of  RC02Li  and  inorganic  compounds  such  as  Li20, 
Li202,  LiOH  and  LiF  because  of  their  small  mpe  values. 

3.2.  Lithium  deposition  on  lithium 

Fig.  3  shows  typical  results  of  E  and  A/ responses  during 
the  constant  current  measurements  on  lithium  electrodes  in 
the  two  solutions.  Lithium  electrodes  were  prepared  by  elec¬ 
trodeposition  on  nickel  electrodes  from  experimental  sol¬ 
vents.  the  slopes  of  A/are  linear  versus  Q  and  the  mpe  values 
are  22  and  7  for  L1CIO4/PC  and  LiPF6/ y-BL,  respectively. 
In  the  case  of  the  LiC104/PC  solution,  the  real  Mw/n  value 
of  the  decomposed  product  must  be  a  few  times  larger  than 
22  because  a  part  of  the  deposited  lithium  reacts  with  the 
electrolyte  since  ~  80%  of  the  deposited  lithium  is  capable 
of  anodic  dissolution,  therefore  the  major  surface  compounds 
will  be  RC02Li.  On  the  other  hand,  deposited  lithium  from 
LiPF6/y-BL  did  not  react  with  the  electrolyte  since  the  mpe 
value  was  almost  the  Mw/n  value  of  lithium.  Comparing  the 
potential  during  the  electrodeposition  of  lithium  from  the 
LiC104/PC  solution  and  the  LiPFb/ y-BL  solution,  the 
LiPF6/ y-BL  solution  needs  a  larger  overpotential  than  the 
LiC104/PC  solution.  This  indicates  that  a  more  close  surface 
film  is  made  from  the  LiPF6/ y-BL  solution  than  from  the 
LiC104/PC  solution. 

3.3.  Time  dependence  of  deposited  lithium 

The  stability  of  the  surface  films  formed  in  the  LiPF6/ 
y-BL  solution  and  the  LiC104/PC  solution  was  investigated. 
Fig.  4  shows  A/ measured  at  OCV  against  time  after  electro¬ 
deposition  of  lithium  ( 150  mC)  on  nickel  electrodes  from 
the  LiPF6/  y-BL  solution  and  the  LiC104/PC  solution.  The 
A/continuously  decreased  (mass  increasing)  in  LiC104/PC, 
on  the  other  hand,  it  did  not  change  in  LiPF6/y-BL.  The 
difference  between  A /  reflected  the  stability  of  the  surface 


Fig.  4.  A/ as  a  function  of  time,  measured  after  electrodeposition  of  lithium 
at  OCV  in  ( - )  LiC104/PC  and  (  •  •  )  LiPFh/y-BL 

films.  The  small  part  of  lithium  exposed  the  electrolyte  in 
LiC104/PC  then  decomposed  the  electrolyte.  The  products 
caused  by  decomposition  are  not  clear  because  of  an  unknown 
amount  of  lithium  was  reacted  but  that  must  be  same  products 
of  initial  surface  films.  The  surface  films  formed  from  LiPF6/ 
y-BL  solution  protects  the  lithium  against  chemical  reactions. 
These  results  are  consistent  with  the  result  of  lithium  depo¬ 
sition  on  lithium  electrodes. 

4.  Conclusions 

The  electrodeposited  lithium  reacts  immediately  with  elec¬ 
trolyte  and/or  residual  impurities  in  the  electrolyte  that  makes 
surface  films.  The  surface  films  made  in  the  LiC104/PC  solu¬ 
tion  are  not  enough  to  protect  the  deposited  lithium  from 
another  chemical  reaction  with  electrolytes.  On  the  other 
hand,  the  surface  films  made  in  LiPF6/y-BL  solution  are 
close  and  protective  due  to  the  consumption  of  deposited 
lithium  by  decomposition  of  the  electrolytes. 
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